I -INTRODUCTION
Many experiments as well as theoretical considerations suggest that the concept of structural defects in amorphous materials is as useful as in crystals. An established method of defect production in crystalline metals is fast particle irradiation at low temperatures. Fast electrons predominantly displace single atoms whereas fast neutrons mainly Droduce displacement cascades. In the early stages of defect production (<10 s) no essential differences between crystalline and glassy metals are expected because of the high kinetic energies of the knocked-on atoms in comparison to their binding energies. In the subsequent stages of energy relaxation, however, fundamental differences may result from the absence of a long range order in an amorphous material since defects need not be strictly localized but can be distributed among many atoms.
It has been shown by positron annihilation in electron-irradiated metallic glasses that holes of nearly atomic size survive frequently 111 and, to some degree, it makes sense to speak of vacancies in metallic glasses. However, the existence of the corresponding anti-defect, a compressed zone where the knocked-on atom has come to rest, is only inferred indirectly from experiments and it should be noted that computer simulations predict a lower stability of such atomic configurations 111. Therefore it is not surprising, that the discussion about the degree of atomic relaxation in the highly defective regions of displacement cascades is still contrarily /3, 4/. On the one hand, one expects by analogy with crystalline metals *present addr.: ILL, 156X Centre de Tri, 38042 Grenoble Cedex, France
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985896 l a r g e holes due t o h o l e agglomeration w i t h i n t h e cascade 131. On t h e o t h e r hand, pronounced r e l a x a t i o n may t a k e p l a c e because o f t h e v i o l e n t atomic v i b r a t i o n s which t e n d t o e l i m i n a t e l e s s s t a b l e c o n f i g u r a t i o n s . Therefore i t seems t o be w o r t h w h i l e t o o b t a i n more i n f o r m a t i o n about d e f e c t s i n a m e t a l l i c g l a s s produced by f a s t neutrons a t v e r y low temperatures.
I 1 -EXPERIMENTAL I n two runs performed a t t h e l i q u i d h e l i m i r r a d i a t i o n f a c i l i t y o f t h e reasearch r e a c t o r i n Munich (FRM) /5/ e i g h t g l a s s y PdaoSi20 samples o f d i f f e r e n t prelrjeatmeqt (see t a b l e 1) have been i r r a d i a t e d a t 4.6 K w i t h f a s t neutrons ( @ = 2.9010 nlcm s E > 0.1 MeV, f l u x inhomogeneity acroi.3 t h e 2ample h o l d e r < 5 %). The f l u x o f thermal neutrons has been about 3-10 n/cm s which i s b e l i e v e d t o produce l e s s than 5 % o f t h e t o t a l damage. The specimens were c u t from a melt-spun ribbon, approx. 30 pm t h i c k and 1 m m wide, provided by Vacuumschmelze a t Hanau. A f t e r each i r r a d i a t i o n run an isochronal annealing treatment has been performed up t o 483 K w i t h a s t e p w i d t h ATA/TA = 0.1 and a h o l d i n g t i m e o f 5 min below and 10 min above 80 K.
E l e c t r i c a l r e s i s t a n c e measurements were used t o m o n i t o r r a d i a t i o n damage and were done by a standard four-probe technique a t 4.6 K. E l e c t r i c a l c o n t a c t s were made b y screws. The r e s i s t a n c e was converted i n t o r e s i s t i v i t y by s e t t i n g p4 6(@t=O) = 78 pQcm f o r a l l u n i r r a d A l l samples r e v e a l e d a shallow r e s i s t i v i t y minimun a t about 13 K b u t t h e r e was no cbange i n t h e temperature-dependent p a r t w i t h i n t h e experimental e r r o r o f < 5.10-&m a f t e r i r r a d i a t i o n and a d d i t i o n a l annealing. Furthermore, t h e r e are arguments 161 t h a t changes i n t h e compositional s h o r t range order e i t h e r p l a y a n e g l i g i b l e r o l e i n PdaoSi20 o r do n o t a f f e c t i t s r e s i s t i v i t y . Therefore, i n Pd80Si 20 ~p = ~~.~! g t ) -p~.~( O ) i s a good q u a n t i t y t o m o n i t o r r a d i a t i o n -i n d u c e d changes i n t o p o l o g i c a l s h o r t range order. 
+ p r i o r t o i r r a d i a t i o n
I11 -RESULTS Fig. 1 shows Ap versus f a s t neutron fluence $ t o f an as-quenched sample. The r e s i st i v i t y increases o f the various samples are s l i g h t l y d i f f e r e n t . Theses d i f f e r e n c e s cannot be f u l l y explained by d i f f e r e n t neutron fluences a t t h e various sample s i t e s and are, at l e a s t p a r t l y , due t o d i f f e r e n t s t a r t i n g structures. No c l e a r c o r r e l at i o n between the r e s i s t i v i t y r a t i o p300/p4.6 and A h a x = p4.6(($t)max)-p4.6(0) i s found (see t a b l e 1). At present, we cannot pursue t h i s question because a b e t t e r evaluation o f t h i s problem needs the knowledge o f pqe6(0) of each i n d i v i d u a l sample t o a high degree o f accuracy. Fig. 2 shows the damage r a t e dApld$t versus Ap f o r an as-quenched sample. The most obvious feature i s the extreme l i n e a r i t y i n comparison t o c r y s t a l l i n e metals 151. A l i n e a r e x t r a p o l a t i o n t o damage s a t u r a t i o n dAp/d$t = 0 y i e l d s ApS = 4.1 ~Qcm. The same value has been obtained from 80-key-proton i r r a d i a t i o n a t 6 K /7/. However, from 3-MeV-electron i r r a d i a t i o n at 4.6 K a s a t u r a t i o n r e s i s t i v i t y o f 2.45 pQcm was l i n e a r l y extrapolated 181. The l a t t e r f i g u r e may be too low because an a d d i t i o n a l curvature i n the damage r a t e cannot be r u l e d out d e f i n i t e l y . 
) There i s no d i s t i n c t annealing stage which p o i n t s t o a pronounced process w i t h a s i n g l e a c t i v a t i o n energy.
2) The r e l a t i v e r e s i s t i v i t y recovery does not depend s i g n i f i c a n t l y on the p r e t r e a tment. The sample mentioned i n Ref. 4, which was preannealed a t 360°c f o r 3 h, i s presumably p a r t l y c r y s t a l l i z e d and should not be taken i n t o account. 3) There seems t o be a smooth t r a n s i t i o n from t h e annealing o f radiation-induced defects t o i n t r i n s i c r e l a x a t i o n , which s t a r t s at about 400 K f o r as-quenched samples and which does n o t e x i s t i n t h e preannealed specimens f o r a l l temperat u r e s covered by our experiment. 4) A f t e r e l e c t r o n i r r a d i a t i o n t h e r e s i s t i v i t y recovery s t a r t s a t 10 K I 8 1 whereas a f t e r neutron bombardment appreciable15ecovey begins at about 50 K. 5) I n the high fluence regime ( $ 4 . > 1.10 n/cm ) t h e f r a c t i o n a l r e s i s t i v i t y recovery i s independent o f fluence. However, t h e r e s i s t i v i t y recovery o f Pd80Si20 o f Ref. 4 i s c l e a r l y s h i f t e d t o higher annealing temperatures i n comparison t o our r e s u l t s . Three explanations are possible. i ) The u n i r r a d i a t e d o r i g i n a l m e t a l l i c glasses are widely d i f f e r e n t i n s t r u c t u r e and thus n o t d i r e c t l y comparable. Concerning the amorphous m a t e r i a l a t a f i x e d composition t h i s explanation i s n o t very l i k e l y because d i f f e r e n t pretreatments have no s i g n i f i c a n t e f f e c t s on t h e recovery behaviour (see p o i n t 2). However, small d e v i a t i o n s from the nominal composition Pd80Si 20 may i n f l u e n c e t h e l o c a t i o n o f t h e recovery curves as can be concluded by comparison o f t h e annealing data o f Pd8oNi 2Si 18 and PdsoSi 20 141. Unfortunately, a c l o s e r sample c h a r a c t e r i z a t i o n cannot be done since we are lacking i n data. i i ) The d i f f e r e n c e s i n the recovery curves a f t e r neutron i r r a d a t i o n are merely due t o the d i f f e r e n t anneal i g g prp$rammes. However, i f we a1 low f o r reasonable attempt frequencies (10 t o 10 HZ) f o r atomic jumps an analysis o f t h e recovery curves y i e l d s a broad d i s t r i b u t i o n p(E) o f a c t i v a t i o n energies E and t h e d i f f e r e n c e o f 4 min i n t h e holding times between Ref. 4 and t h i s work i s not s u f f i c i e n t t o b r i n g both curves i n t o agreement. i i i ) The s h i f t r e f l e c t s a r e a l fluence e f f e c t and p o i n t s t o d i f f e r e n c e s i n p(E) between low and high fluence neutron i r r a d i a t i o n . We be1 ieve p o i n t i i i ) t h e most probable one, although i ) and i i ) cannot be r u l e d out w i t h c e r t a i n t y . 
Pdeo Sizo as quenched
Pd80
I V . DISCUSSION For t h e f u r t h e r d,iscussion we adopt t e n t a t i v e l y an oversimpl i f i e d p o s i t i o n .
We assume r e l a t i v e l y w e l l -l o c a l i z e d d e f e c t s which behave s i m i l a r t o those i n pure c r y s t a l 1 i n e metals, i.e. we assume vacancy-1 i k e and i n t e r s t i t i a l -1 i k e d e f e c t s which can recombine and thus m u t u a l l y a n n i h i l a t e . This concept has been a p p l i e d successf u l l y f o r t h e i n t e r p r e t a t i o n o f t h e behaviour o f t h e e l e c t r i c a l r e s i s t i v i t y /7 and references t h e r e i n / and p o s i t r o n a n n i h i l a t i o n /I/ a f t e r i r r a d i a t i o n w i t h 1 i g h t part i c l e s . According t o t h i s concept t h e damage r a t e i s g i v e n by /9/ where ad denotes t h e t o t a l displacement c r o s s -s e c t i o n f o r f a s t neutrons, p~ and v a d e s c r i b e t h e r e s i s t i v i t y p e r u n i t c o n c e n t r a t i o n and an average recombin&tion 
l l y h i g h i n comparison w i t h c r y s t a l l i n e m e t a l s b u t cannot be evaluated f u r t h e r s i n c e t h e minimum t h r e s h o l d energies f o r d i s p l acements are unknown f o r PdaoSi 20. The average recombination volume va i s t h e same as f o r l i g h t -i o n bombardment, r e f l e c t i n g merely t h e i d e n t i c a l s a t u r a t i o n r e s i s t i v i t i e s . This i s a s u r p r i s i n g r e s u l t , s i n c e many e f f e c t s c o n t r i b u t e t o damage p r o d u c t i o n i n cascade-producing i r r a d i a t i o n which are absent i n l i g h t -i o n bombardment /9/.
What i s e a s i l y understood i n an two-defect-species model i s t h e p a r t i c l e and f l u e n c e dependence o f t h e damage recovery. E l e c t r o n s produce predominantly i s o l a t e d d e f e c t -a n t i -d e f e c t p a i r s which are n o t f a r from one another due t o t h e low energy r e c o i l s . Hence, o n l y small a c t i v a t i o n energies a r e needed t o induce thermal l y a c t i v a t e d recombination. During f a s t neutron i r r a d i a t i o n a h i g h energy t r a n s f e r i n i t i a t e s a displacement cascade i n which i n t e r s t i t a l -l i k e and vacancy-like d e f e c t s are e f f e c t i v e l y separated. I n p a r t i c u l a r , c l o s e -l y i n g d e f e c t s which would be s t a b l e under e l e c t r o n bombardment, recombine immediately /9/. Thus h i g h e r annealing temperatures are needed t o produce t h e same f r a c t i o n a l recovery as i n t h e e l e c t r o ni r r a d i a t e d glass. With i n c r e a s i n g neutron f luence, however, cascade over1 ap reduces t h e mean d i s t a n c e s o f t h e d e f e c t s again and t h e r e c o v e r y curve i s s h i f t e d now t o lower annealing temperatures. Nevertheless, recovery a f t e r f a s t neutron i r r a d i a t i o n w i l l always s t a r t a t h i g h e r annealing temperatures i n comparison t o e l e c t r o n i r r ad i a t i o n due t o t h e c l o s e -p a i r i n s t a b i l i t y mentioned above.
However, t h e f o l l o w i n g f a c t s f i t h a r d l y i n t o t h e p i c t u r e o f l o c a l i z e d defects:
1 ) The e f f e c t i v e s e p a r a t i o n o f i n t e r s t i t i a l -1 i k e and vacancy-like d e f e c t s should produce s i g n i f i c a n t agglomeration o f d e f e c t s o f t h e same kind. Hence one would expect 1 arger holes (vacancy agglomerates) i n a cascade-damaged g l a s s than i n an e l e c t r o n -i r r a d i a t e d m a t e r i a l . However, p o s i t r o n -l i f e t i m e experiments i n d i c a t e t h e c o n t r a r y /1,3/. To our o p i n i o n t h e i n t e r p r e t a t i o n given i n Ref. 3 i s n o t convincing. Provided i t would be c o r r e c t , we would expect a s i g n i f i c a n t increase i n p o s i t r o n l i f e t i m e w i t h i n c r e a s i n g f l u e n c e which i s n o t observed i n Ref. 3 although t h e f l u e n c e range covers t h e regime from i s o l a t e d cascades near t o damage s a t u r a t i o n /lo/.
2 ) The i n s i g n i f i c a n t i n f l u e n c e o f pretreatment on i r r a d i a t i o n and annealing behavi o u r might be understood i f we would assume n e g l i g i b l e i n t e r a c t i o n between The e a s i e s t way t o overcome these d i f f i c u l t i e s i s t o a l l o w f o r a n o n -l o c a l i z a t i o n o f t h e defects. W e s t i l l r e t a i n two d e f e c t species which can m u t u a l l y a n n i h i l a t e b u t each species can a l s o r e l a x by d i s i n t e g r a t i o n . At low temperatures we t h i n k mutual recombination f o r t h e most important process. Since f r e e m i g r a t i o n does n o t occur, o n l y c l o s e -l y i n g d e f e c t -a n t i -d e f e c t p a i r s can recombine. At h i g h e r temperat u r e s d i s i n t e g r a t i o n o f l o c a l i z e d d e f e c t s becomes more and more important and h o l e s o f atomic s i z e are b e l i e v d t o be unstable. Thus, appreciable amounts o f r a d i a t i o n damage can a f f e c t t h e e l e c t r i c a l r e s i s t i v i t y w i t h o u t being v i s i b l e i n t h e p o s i t r o n l i f e t i m e /I, 3, 8, lo/. When a d e f e c t i s d i s t r i b u t e d among so many atoms t h a t i t becomes i n d i s t i n g u i s h a b l e from i n t r i n s i c d e n s i t y f l u c t u a t i o n s i t i s meaningless t o d i f f e r e n t i a t e between r e c o v e r y o f r a d i a t i o n -i n d u c e d d e f e c t s and i n t r i n s i c r e l a x at i o n and a smooth t r a n s i t i o n i s observed experimentally.
The v i b r a t i o n s o f t h e atoms w i t h i n a cascade d u r i n g neutron bombardment can be v i s u a l i z e d as a thermal spike /9/. The consequence i s t h a t d e f e c t s w i t h i n t h e cascade are expected t o be weaker l o c a l i z e d than a f t e r e l e c t r o n i r r a d i a t i o n . T h i s e x p l a i n s t h e s h o r t e r p o s i t r o n l i f e t i m e s /3/. Moreover, t h e term "agglomeration" o f d e f e c t s o f the same species can now o n l y mean a d e n s i t y f l u c t u a t i o n which i s more pronounced than f l u c t u a t i o n s i n t h e o r i g i n a l m a t e r i a l . i ) The experimental r e s u l t s can be w e l l understood i f vacancy-like and i n t e r s t it i a l -l i k e d e f e c t s are assumed. i i ) C l o s e -l y i n g p a i r s c o n s i s t i n g o f a d e f e c t and an a n t i -d e f e c t are u n s t a b l e dur i n g neutron i r r a d i a t i o n i n PdaoSi20. i i i ) Defect and a n t i -d e f e c t can m u t u a l l y a n n i h i l a t e l i k e i n c r y s t a l s b u t t h e y can also r e l a x by d i s i n t e g r a t i o n . The l a t t e r process i s n o t p o s s i b l e i n c r y s t a l s and prevents t h e f r e e m i g r a t i o n o f d e f e c t s i n m e t a l l i c glasses. i v ) The r e s i s t i v i t y damage r a t e i n g l a s s y PdaoSi20 has t h e same simple mathematic a l form as i n c r y s t a l s .
Here a f i n a l remark should be added. I n c r y s t a l l i n e metals p~ i s n e a r l y t h e same f o r i s o l a t e d Frenkel d e f e c t s as f o r c l u s t e r e d Frenkel p a i r s /9/ a l l o w i n g a s t r a i g h t f o r w a r d i n t e r p r e t a t i o n o f Eq,.
(1). A d e l o c a l i z a t i o n o f d e f e c t s w i t h i n a displacement cascade as proposed i n t h i s paper, however, makes t h e use o f a s i n g l e p~ f o r neutron, e l e c t r o n , and l i g h t -i o n bombardment somewhat d o u b t f u l . F u r t h e r work must be done t o c l a r i f y t h i s problem.
